Abstract. In the current study, the representative volume element (RVE) is used to model randomly generated nanocomposite structures consisting of carbon nanotubes (CNTs) embedded in an epoxy resin matrix. The finite element Method is utilized for numerical simulations and investigation of the influential parameters on the generated RVEs. In order to automatize the whole procedurefrom generating the finite element models to conducting the analyses-a subroutine-based programming approach is adopted using the MSC Marc finite element package and Fortran programming language. The simulations can successfully predict the increase in thermal conductivity of CNTreinforced nanocomposites by increasing the fiber volume fraction.
Introduction
Exceptional physical and mechanical properties of carbon nanotubes have directed a huge amount of research since their first encounter in 1991 [1] . Properties such as high Young's and shear moduli, low density, high thermal conductivity, and ballistic electronic conduction have introduced a wide variety of applications for CNTs in mechanics, electronics, and energy systems among other fields [2] . For instance, some single-walled nanotubes can have elastic modulus and strengths to mass ratios of approximately 19 and 56 times those of typical structural steel, respectively [3] . In terms of their thermal conductivity, values above 2000 W m·K are quite common while extremely high values such as 6600 W m·K have also been reported [4, 5] . The limited thermal conductivity of polymers, specially in the amorphous ones, contradicts with their industrial applications, e.g., as heat sinks [5] . This makes polymers preferable mediums for fillers such as CNTs to make up nanocomposites with superior properties. In addition, direct characterization of CNTs is quite limited and thus, to avoid the obstacles of direct measurement of their thermal conductivity, experiments are conducted on the aligned nanotubes which are dispersed in a matrix [6, 7] . Due to the limitations of the experiments, numerical methods are more and more used for characterising the material properties of nanocomposites. Among these methods, the finite element method is used to simulate various physical and multi-physics phenomena among which are the transfer phenomena. Many recent researches have numerically investigated the effects of fiber aspect ratio [8, 9, 10] , fiber orientation [11, 12] , fiber dispersion/agglomeration [13, 14] , interface bonding quality [15, 14, 16] , waviness/straightness of the fibers [17, 18] , fiber volume/weight fraction [19, 20, 21] , and property contrast among others. One of the common methods of finite element modelling is using an auxiliary scripting program, such as Python, to generate the mesh (see [22] for instance) whereas in the current study, the effects of random distributions is investigated by an automatised procedure.
Methodology
The finite element method [23, 24] is used in this study to simulate the heat conduction within a composite. The MSC.Marc (version 2014.2) commercial package is selected to carry out the simulations. The package provides a variety of advanced features by means of its Fortran-based subroutines which makes it favorable for customized applications. In addition, the modules provided in [25] are used to facilitated the programming and model generation procedures. The other advantage of using Fortran subroutines in the current study is the fact that no other programming languages, e.g. Matlab, is required for generation of the fibers. All the process is carried out using subroutines and thus, at every job submission, a newly generated fiber distribution is incorporated in the mesh. Figure 1 illustrates an instance of dispersed fibers in the representative volume element.
In order to generate the randomly dispersed fibers in the matrix, the MakeFiberNodLst subroutine is used (see Fig. 3 ). The specified fiber volume fraction and the total number of fibers, i.e., 50 in the current study, are used to calculate the length of each fiber. Then, a loop starts to generate the start and end node coordinates of the fiber. In each cycle, two random coordinates are generated using the GetRandNum() function provided in [25] and the end node coordinates are adjusted to satisfy the length criterion. In addition, it is checked if the the end node is positioned within the RVE or not. If the node is located outside of the RVE, a new set of random coordinates is generated for the end node and the process flows back to adjusting the length of the fiber. Otherwise, the algorithm moves on to the next fiber. The generated fibers are inserter into the matrix and thus, no node matching is required in this procedure (see [26] for more information). The dimensions of the RVE are 20 × 20 × 20 nm 3 and the equivalent cross sectional area of the CNTs are 1.13 nm 2 which was calculated based on a wall thickness of 0.34 nm, and an outer diameter of 1.4 nm [27] . The material properties of the matrix and fibers are shown in Table 1 . Two types of heat transfer elements were engaged in the thermal analyses: the 8-node isoparametric hexahedral elements (type 43) consisted the mesh of the matrix and the straight 2-node link elements (type 36) were used for the fibers. A set of temperature boundary conditions were prescribed for each of the bottom and top face nodes, i.e., constant temperatures zero and 10, respectively. These boundary conditions imposed a temperature gradient in the sample and generated reaction heat fluxes in the aforementioned faces. Finally, the effective thermal conductivity of the composite was calculated using Fourier's law [29] :
where λ is the effective thermal conductivity,Q is the total reaction flux, A 0 is the cross-sectional area along the flux, ∆z is the distance between the top and bottom faces, and ∆T is the applied temperature difference.
Results and Discussion
Since the whole simulation process is automatized, a sensitivity analysis can readily be done. The results for the mesh sensitivity analysis are illustrated in Fig. 2 . For a model with only hexahedral cubic elements, the mesh density γ can be defined as
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where a is a characteristic dimension of the element. In the current study, several mesh densities ranging from 0.2 to 4 have been investigated where a similar rate of convergence was observed for both heat flux and thermal conductivity. Finally, the mesh density of 3, which corresponds to 0.33 × 0.33 × 0.33 nm cubic elements, is selected for the simulations. The simulations are repeated 10 times for each volume fraction to check the influence of the random fiber generation. 
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Conclusions
In the current study, the effective thermal conductivity of randomly dispersed fibers was investigated. Random fibers were generated in every job submission by means of an automatic procedure which provides more flexibility when several consecutive analyses are required, e.g., a mesh sensitivity analysis. Adding CNTs to the matrix alters the thermal conductivity of the composite compared to the pure matrix material. Namely, by increasing the fiber volume fraction, the effective conductivity of the composite increases. Additionally, the randomness of fiber dispersion in the matrix increases the standard error as the fiber volume fraction increases for a specific number of fibers.
